Hedgehogs have increased in popularity as pets in Spain but there are no data of infection rates of this exotic animal with dermatophytes in our country. During the period of 2008-2011 a total of 20 pet hedgehogs (19 African pygmy hedgehogs and 1 Egyptian long-eared hedgehog) suspected of having dermatophytoses were studied. This is the first survey of the occurrence of T. erinacei in household hedgehogs in Spain. The T. erinacei infection rate was 50% (9 out of 19 African pygmy hedgehogs, and the one Egyptian long-eared hedgehog surveyed). Morphological identification of the isolates was confirmed by molecular analysis. All the strains had the same ITS sequence and showed 100% sequence similarity to T. erinacei type strain CBS 511.73 (AB 105793). The Spanish isolates were confirmed as T. erinacei urease positive. On the basis of ITS sequences, T. erinacei is a species close to but separate from the taxa included in the A. benhamiae complex. Review of the current literature on DNA-based methods for identification of species included in this complex has highlighted the urgent need to reach a consensus in species circumscription and classification system accepted by all mycologists.
Introduction
Hedgehogs have become increasingly popular as exotic household pets worldwide. The two most familiar hedgehog species are the four-toed hedgehog or African pygmy hedgehog (Atelerix albiventris) as well as the Egyptian longeared hedgehog (Hemiechinus auritus).
Dermatophytosis is the most common mycosis in these exotic pets, and Trichophyton erinacei is the dermatophyte usually isolated from the quills and underbelly of hedgehogs. Infection in the hedgehog may be mild but can present as crusting around the face and ears with loss of spines. In many cases, hedgehogs can be asymptomatic carriers of this fungus and herein lays their potential for zoonotic transmission. 1, 2 Since the first isolation of T. erinacei from infected humans and hedgehogs in New Zealand in 1960, 3 an increasing number of human cases of this zoophilic fungus have been reported worldwide. [4] [5] [6] [7] [8] [9] [10] [11] In Spain, the reports of human infection with T. erinacei are very scarce. The isolation of T. erinacei (as T. mentagrophytes var. erinacei) in Madrid was reported in the 0.32% of positive cultures identified between 1978 and 1987 12 and in the 0.18% of the dermatophyte strains identified between 1988 and 1997. 13 In the North of Spain, the isolation of T. erinacei was reported in the 0.4% of positive samples processed between 2000 and 2002. 14 More recently, this species was recovered from a tinea lesion on the face in an 11-year-old girl. 15 There is relatively little information on the prevalence of this dermatophyte in its natural host. In pet hedgehogs, the discovery of the fungus on the animal is usually preceded by its isolation from human patients and is the result of a deliberate attempt to trace the source of the human infection. In wild hedgehogs, the prevalence of ringworm has been reported in New Zealand, 16 Great Britain, 17, 18 France, 18, 19 Kenya, 20 and Ivory Coast. 21 When transmission of fungal infection from European hedgehogs was first reported in 1960 3 , the causative agent was thought to be T.
mentagrophytes but was later termed T. erinacei var. erinacei by Smith and Marples. 16 T. erinacei was proposed as a distinct species by Padhye and Charmichael 22 and returned to varietal status by Padhye and Ajello. 23 During the last decades, progress has been made in the modern systematic of dermatophytes. The recently proposed taxonomy principally relies on molecular species recognition inferred from ITS sequences. 24 In main traits, congruence with phenotypic species concept is found, but there are still some areas of conflict. 25 According to recent molecular studies T. erinacei and Trichophyton anamorph of A. benhamiae are both related to the teleomorph A. benhamiae, which included both American-European and African races. 24, 26, 27 Due to the different nomenclature changes proposed, the etiological agent of ringworm in hedgehogs has been reported as T. erinacei var. erinacei, T. erinacei, Arthroderma benhamiae var. erinacei, and A. benhamiae depending on the species concept considered. As hedgehogs have increased in popularity as pets in Spain and there are no data of infection rates of this exotic animal with dermatophytes in our country, this study was conducted in order to know the occurrence of T. erinacei in pet hedgehogs in Spain. The taxonomic status of T. erinacei was also reviewed.
Materials and methods

Animals
During the period of 2008-2011 a total of 20 pet hedgehogs (19 African pygmy hedgehogs and one Egyptian longeared hedgehog) were surveyed. The studied samples were obtained from animals suspected of having dermatophytoses examined at the Veterinary Teaching Hospital of the Autonomous University of Barcelona or submitted to our laboratory by practitioners from different Spanish Veterinary Clinics. Results of clinical examination of the animals included in the study are shown in Table 1 . One pet hedgehog (case 2) did not show dermatological clinical signs but was included in the study as it coexisted with a hedgehog with skin lesions (case 1).
Mycological study
Samples of quills and skin scrapings were inoculated on selective agar for pathogenic fungi (Merck KGaA, Darmstadt, Germany) and incubated at 25
• C. Fungal colonies compatible with dermatophytes were grown on Sabouraud dextrose agar (SDA; Oxoid Ltd., Hampshire, England) for 14 days at 25
• C and identified following the criteria enumerated by
Rebell and Taplin. 28 The presence of urease was determined after incubation on Christensen's urea agar slants (Oxoid Ltd, Hampshire, England) at 25
• C for 7 days. Morphological identification was confirmed by molecular analysis. Genomic DNA was extracted and purified from cultures in SDA according to the FastDNA Spin kit protocol with the FastPrep FP-24 instrument (MP Biomedicals, Biolink, Barcelona, Spain). The DNA was kept at −20
• C until used as template for PCR amplification. Internal transcribed spacers (ITS1 and ITS2) and the 5.8S rRNA gene were amplified by PCR with the conserved fungal primer pair ITS5 and ITS4. 29 The PCR products were purified with the GFX PCR DNA and gel band purification kit (GE Healthcare, Spain), following the manufacturer's protocol. The purified PCR products were used as templates for sequencing, following the protocol 'BigDye Terminator v3.1 Cycle Sequencing kit' (Applied Biosystems, Spain). The ITS1-5.8S-ITS2 rRNA gene sequences were determined by using ITS5 and ITS4 as sequencing primers, respectively. An Applied Biosystems 3730 sequencer was used to obtain the DNA sequences. Sequence alignments were performed using the software program Clustal X v2.0.12. 30 Regions of ambiguous alignment were removed with Gblocks. 31 Maximum likelihood analysis was conducted using MEGA 6 software 32 with 1,000 bootstrap replicates. A phylogenetic tree was constructed using the maximum likelihood method based on the General Time Reversible model (GTR). Initial tree for the heuristic search was obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach. A discrete Gamma distribution was used to model evolutionary rate differences among sites. The rate variation model allowed for some sites to be 
Results
The infection rate was 50%. White colonies were isolated from the quills of nine African pygmy hedgehogs and the one Egyptian long-eared hedgehog studied (Fig. 1) . One of the positive African pygmy hedgehogs was apparently asymptomatic but coexisted with other positive animal ( Table 1) . Treatment regime of positive animals consisted of topical and/or systemic antifungal therapy for one month as shown in Table 1 . One hedgehog died after the admission in the hospital due to a poor general condition. The animals were reevaluated after one month, and all except one showed total recovery. In this case, treatment was changed to oral itraconazole in combination with 2% chlorhexidine solution and miconazole administered topically for 30 days. The next examination showed a total remission of the lesions. On Sabouraud glucose agar all the isolates showed white, flat, and powdery colonies with yellow reverse color (Fig. 2a,b) . Numerous elongated microconidia attached along the sides of the hyphae were produced (Fig. 3) . Macroconidia, when present, were somewhat irregular in shape and size and had two to six septa. All cultures were morphologically identified as T. erinacei. The ten fungal isolates gave a positive reaction in the urease test before five days of incubation at 25
Amplification of ITS1-5.8S-ITS2 rDNA from the 10 isolates produced a fragment of 641 bp. All the strains had the same sequence. In the GenBank and Dermatophytes species database from CBS-KNAW Fungal Biodiversity Centre searches, our strains showed 100% sequence similarity to T. erinacei type strain CBS 511.73 (AB105793). A search in ISHAM database 33 (http://its.mycologylab.org/)
showed 98-100% sequence similarity to 25 strains identified as T. erinacei. The nucleotide sequence of one representative strain (T-127) has been deposited at the GenBank database and is identified by accession number KU852597.
In the phylogenetic analysis we included representative strains from Arthroderma benhamiae complex. The ITS1-5.8S-ITS2 data set included 584 characters. According to the phylogenetic tree shown in Figure 4 , the Spanish strains formed a well-supported cluster with T. erinacei type strain CBS 511.73. Isolates from European hedgehogs (E. europaeus), European isolates from humans, as well as from African hedgehogs (A. albiventris) collected in Japan and Kenya group in the same cluster. Our isolates were confirmed as T. erinacei urease positive. On the basis of ITS sequences, T. erinacei is a species close to but separate from A. benhamiae. T. erinacei strains are closely related to T. eriotrephon and T. verrucosum. Trichophyton anamorph of A. benhamiae and the anthropophilic species T. concentricum cluster with the American-European race of A. benhamiae. The strains known as the African race of A. benhamiae and T. bullosum are the most distantly strains in this clade.
Discussion
This is the first survey to our knowledge of T. erinacei in household hedgehogs in Spain. In a study performed in pet hedgehogs in Japan, 34 T. erinacei (reported as A. benhamiae var. erinacei) was isolated in 7 out of 18 African pygmy hedgehogs (39%), while none of the 3 Egyptian long-eared hedgehogs studied gave positive samples, but no information of skin health status of the animals was provided. In a survey of zoonotic dermatoses in client-owned exotic pet mammals in Southern Italy, 35 19 African pygmy hedgehogs diagnosed with skin diseases were included, but fungal culture was negative in all cases. According to the reported data, our study is the first recorded observation of ringworm in pet Egyptian long-eared hedgehogs. In wild European hedgehogs (Erinaceus europaeus), the incidence of T. erinacei was 44.7% in New Zealand 16 and 9.5% in France. 18 In Great Britain this percentage ranged from 1.35% 17 to 20-25%. 18 Also in France, ContetAudonneau et al. 19 reported an infection rate of 13% in wild European hedgehogs and 21% in captured hedgehogs living in captivity.
In wild African pygmy hedgehogs, the incidence of ringworm was 22.2% in Kenya 20 and 37.5% in Ivory Coast. 21 It is worth noting that in the two above mentioned reports the isolated strains were finally identified as Arthroderma benhamiae. Nevertheless, as it is shown in Figure 4 , three isolates (IFM 51419, IFM 51423 and IFM 51420) obtained in the Kenyan survey 20 share the same sequence with our isolates and with T. erinacei type strain CBS 511.73. In our study, most of the positive animals were more than 1 year old, while the apparently asymptomatic hedgehog was 6 months. In accordance with other authors, young hedgehogs under 1 year of age rarely develop dermatophytoses. 18, 20, 36 Recommended treatment includes topical (enilconazole) and/or systemic antifungal therapy (griseofulvin, itraconazole, ketoconazole). 2, 36, 37 According to our results, topical terbinafine has also proven to be an effective treatment for hedgehog dermatophytoses alone or in combination with oral therapy. When dermatophytoses is diagnosed in an individual animal, other hedgehogs in the group should also be treated. 36 Consequently, the apparently asymptomatic animal (case 2) received topical terbinafine for one month. Presumably, the distribution of T. erinacei is coextensive with that of hedgehogs, and human infection may occur anywhere in the vicinity of hedgehogs, either wild or domestic. Nevertheless, the route of transmission to humans is often not clear, and some other sources of indirect crossinfection among hedgehogs and man have been reported. A survey in southern England showed that the linings of 23.3% of hedgehog winter nests contained T. erinacei and the fungus could survive for at least 1 year in dry nest debris. 38 T. erinacei could also be isolated from the sawdust in which a sick hedgehog had lived. 10 T. erinacei has been isolated from hedgehog mites, which may act as a route of infection between animals and other species, including humans. 39 The isolation of T. erinacei has been reported in other animal species, especially in hunting dogs in countries were hedgehogs are present. 40 It has also been occasionally isolated from wild rodents 39, 41 and from brown hares. 42 Nevertheless, it seems unlikely that small mammals are vectors of hedgehog ringworm. 39 Recently, a clinical case of T.
erinacei skin infection after recreational exposure to an elephant in Southeast Asia has been reported. 43 The prevalence and spread of T. erinacei requires close monitoring. The high infection rate in household hedgehogs found in this study would predict that in the near future reports of human infection with T. erinacei in Spain would increase. Nevertheless, it is unlikely that it can become a health concern because Atelerix albiventris and Hemiechinus auritus have been recently considered as invasive exotic species in Spain, 44 so the breeding and sale of these species is now prohibited. In our study, the strains isolated from African pygmy hedgehogs and the Egyptian long-eared hedgehog were all urease positive. According to Figure 4 , the Spanish strains have the same ITS sequence as other T. erinacei strains reported as urease negative. Urease activity of T. erinacei is controversial. Philpot 45 reported the absence or very slow hydrolysis of urea by the erinacei variety as compared to the rapid hydrolysis by the other varieties of T. mentagrophytes. The combination of negative urease activity and a yellow reverse color on Sabouraud glucose agar are usually reported as distinctive characteristics for differentiation of this species. 24, 28, 46 Ates et al. 47 studied urea hydrolysis of some dermatophyte species in different media at various incubation temperatures. The three T. erinacei strains studied and previously reported as urease negative by Takahashi et al. 34 were urease positive in urea broth medium in Figure 4 by ITS sequence AB078898) was proposed on the viewpoints of mating behavior, as well as molecular differences. 51 The phylogenetic tree based on ITS sequencing shown in Figure 4 are in accordance with some previous reports, although most of these studies do not include all the related anamorphs of the A. benhamiae complex. 26, [52] [53] [54] [55] [56] [57] [58] [59] ITS sequencing is considered the gold standard for molecular identification and phylogenetic analyses of dermatophytes and consequently the ITS sequences in publicly accessible databases are used routinely by the scientific community. The lack of consensus in the species circumscription of T. erinacei may cause confusion in the identification of clinical isolates because the same sequence can be identified differently depending on the database used. In the GenBank and Dermatophytes species database from CBS-KNAW Fungal Biodiversity Centre searches, our strains showed 100% sequence similarity to T. erinacei type strain CBS 511.73 (AB105793). In the ISHAM-ITS reference database, 33 T. erinacei species is represented by 25 strains, none of them derived from hedgehogs. Using this database, our strains shows 100% identity with two sequences from unknown or clinical origin, but they only have 98% identity with the 23 remaining sequences, derived from guinea pigs, rabbits, chinchilla, dog, human, or clinical. In Dermatophytes species database from CBS-KNAW Fungal Biodiversity Centre, these 23 sequences would cluster with Trichophyton anamorph of A. benhamiae (taxonomic entity 3), represented in Figure 4 as sequence Z98016. By the moment, the ISHAM database does not seem to be very good validated in respect to this dermatophyte species as none of the 25 strains assigned as T. erinacei were isolated from hedgehogs. Irinyi et al. 33 also pointed out that the dermatophyte species included in the ISHAM-ITS reference database showed a high similarity at the intraspecies level, except T. erinacei. For that reason, it is recommended the use of alternative methods to accurately identify closely related species. 33 As reviewed by Cafarchia et al. 25 , many molecular techniques have been developed for identification of dermatophytes at species or strain level, but only some of them include T. erinacei isolates. A study based on the phylogenetic species recognition analysis on four genetic markers (i.e., ITS, partial actin gene, topoisomerase 2 (TOP2), and glyceraldehydes-3-phosphate dehydrogenase (GPD) revealed that A. benhamiae, T. concentricum, T. verrucosum and T. mentagrophytes var. erinacei could be considered as single phylogenetic species. 60, 61 Beta tubulin protein-coding gene (BT2) has been found to be a taxonomically valuable gene for systematic study of dermatophyte fungi. BT2-based phylogenic analysis showed that the genealogical relationships of species in the A. benhamiae complex were compatible with that inferred from ITS cladogram. 56 New advanced molecular approaches based on mass spectrometry, such as matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) are currently under setting for the identification of dermatophytes in diagnostic laboratories. In that sense, the dendrogram resulting from MALDI-TOF MS was almost identical with the phylogenetic tree based on ITS sequencing. Both ITS sequencing and MALDI-TOF MS were able to resolve reliably the American-European race and the taxonomic entity 3 of the Trichophyton anamorph of A. benhamiae. Strains of T. erinacei appear separated from the above mentioned taxa. 62, 63 Review of the current literature on DNA-based methods for identification of species included in the A. benhamiae complex has highlighted the urgent need to reach a consensus in species circumscription and classification system accepted by all mycologists.
